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ABSTRACT 
The behavior of a liquid column oscillating in the fundamental 
an t i symmetr ic  mode and subjected to a sudden reduction in acce le ra -  
tion has  been experimentally investigated. 
tion of the liquid vapor interface,  shifts in the liquid center of gravity, 
damping of the liquid motions, and the period of oscillation under the 
reduced gravity environment were  examined using six-inch diameter  
scale  model  S-IVB LH, tanks. 
single r ing baffle used as  a propellant control device was evaluated. 
The amplitude and configura- 
In addition, the effectiveness of a 
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AN EXPERIMENTAL STUDY O F  THE BEHAVIOR O F  
A SLOSHING LIQUID SUBJECTED TO A 
SUDDEN REDUCTION IN ACCELERATION 
SUMMARY 
I .  
j'l 
The behavior of a liquid column oscillating in  the fundamental 
an t i symmetr ic  mode and subjected to a sudden reduction in axial 
accelerat ion has  been experimentally investigated. 
Flight Center drop tower facility was used to obtain a controlled low 
gravity environment for durations of up to 4 .3  seconds. Tes t s  were  
conducted in six-inch diameter  cylinders using petroleum e ther ,  a ze ro  
contact angle liquid, as  the t e s t  fluid. 
Bond numbers  and Froude numbers ,  based on tank radius  (R),  ranging 
f r o m  12 to 100 and about .03 to 22,  respectively. Engineering r e su l t s  
were  obtained that have general  application in the design of propellant 
control sys tems.  
203 geometr ic  configuration and energy conditions at  orbital  insertion, 
both with and without the baffle and deflector installed,  was evaluated. 
The Mar shall  Space 
The t e s t  conditions provided 
In addition, the liquid behavior for the specific S-IVB- 
The r e su l t s  indicated that, for measured Froude numbers  f r o m  . 0 3  
to 14.6 i n  combination with Bond numbers  f r o m  24 to 100, the maximum 
liquid amplitude is  uniquely dependent on the Froude number.  
tion of the unbaffled S-IVB-203 LH, energy conditions (Froude number = 
19 .3 )  produced amplification of the slosh wave to the top of the forward 
dome of the model S-IVB LH, tank for two successive s losh cycles in 
the low gravity environment. 
slightly above the liquid surface was highly effective in reducing s losh 
wave amplification and damping the low gravity liquid motion. 
nature  of the liquid behavior in model tes t s  of the S-IVB-203 configura- 
tion was strikingly s imilar  to that observed on the AS-203 flight after 
orbi ta l  inser t ion.  
Simula- 
A r ing baffle positioned either at o r  
The 
The logarithmic decrement  describing the decay of the amplitude 
of oscil lation in a low gravity environment due to viscous dissipation 
when the init ial  amplitude is between 0 .6  R and 1 .05  R was found to be 
amplitude dependent and to inc rease  with increasing amplitude. Initial 
damping for  l a rge  amplitude sloshing is considerably higher than pre-  
dicted by available correlat ions.  
liquid column shifts instantaneously with changes in the applied accel-  
eration. 
ing a reduction in acceleration was found to ag ree  with the Sat ter lee-  
Reynolds equation within * 8 percent  a t  all Bond numbers  within the 
range obtained in this program. 
for determining the maximum shift in  liquid center of gravity as a 
function of Froude number for liquid depths of 1 .0  R or  g rea t e r .  
The frequency of oscillation of the 
The measured  wave period of the first cycle of motion follow- 
Empirical equations were  developed 
INTRODUCTION 
One of the basic  engineering problems in the design of space 
vehicles is the control or proper positioning of the liquid propellants.  
Many missions,  such a s  the Saturn V lunar mission,  will requi re  a n  
extended low gravity orbital  coast  period with a subsequent r e s t a r t  of 
the main propulsion engine. P rope r  orientation of the liquid propellants 
during the coast  period is  necessary  for sat isfactory functioning of the 
propellant tank vent sys tem for the operation of the engine thermal  con- 
ditioning sys tems pr ior  to r e s t a r t .  In addition, propellant control i s  
essential  for minimizing disturbances to the vehicle that could impose 
excessive demands on the attitude control system. 
An especially severe  propellant control problem can exist immedi- 
Liquid sloshing amplitudes that a r e  ately following main engine cutoff. 
relatively small during the high-g conditions of powered flight may 
at ta in  very la rge  amplitudes following engine shutdown when the liquid 
kinetic energy is converted into potential energy in the reduced gravity 
field. In fact ,  slosh wave amplification was a foremost  concern in the 
design of the Saturn V/S-IVB stage propellant control sys tem and 
became a significant factor in the decision by NASA to pe r fo rm the 
full-scale AS-203 Low Gravity LH, Experiment  using a Saturn IB/S-IVB 
stage to  simulate the ea r th  orbital  phase of the Saturn lunar mission.  
Pr ior  to the AS-203 flight the Marsha l l  Space Flight Center initiated 
a n  experimental p rog ram to study the var ious low gravity problems 
associated with the Saturn V lunar mission,  with initial emphasis  on the 
AS-203 LH, experiment.  
4.3-second drop tower facility. One phase of the experimental  p rog ram 
was a n  investigation of the behavior of a sloshing liquid subjected to a 
sudden reduction in  acceleration. 
f r o m  that phase of the program.  
The p r o g r a m  i s  being conducted in the MSFC 
This  r e p o r t  d i scusses  the r e su l t s  
The bas ic  objectives of the p rogram were  to (1) evaluate the liquid 
behavior for the specific S-IVB- 203 geometr ic  configuration and energy 
conditions- -both with and without the baffle and deflector installed, 
( 2 )  a s s e s s  the effectiveness of s losh baffles a s  propellant control devices ,  
and ( 3 )  obtain quantitative data applicable to the design of any cylindrical  
propellant containers.  The amplitude and configuration of the liquid- 
vapor interface,  shifts in the propellant center of gravity, damping of 
the liquid motions, and the frequency of oscillation under the reduced 
gravity conditions were  of concern f r o m  an engineering design stand- 
point. 
2 
I *  
I .  
I -  
Fluid behavior during the low gravity period provided by the drop 
tower was recorded using high speed photography (approximately 400 
f rames /second) .  
pared  and is  available on loan. The 16 mm, 11 minute film, Number 
M-281 can be obtained from: 
A motion picture  supplement to this r epor t  was p re -  
Photographic Branch T5-P  
Mar shall Space Flight. Center 
Redstone Arsenal ,  Alabama 
35812 
This r epor t  was prepared  by Chrysler Corporation and Marshal l  
Space Flight Center under the technical supervision of Leon J. Hastings, 
Fluid Mechanics Section, Propulsion and Vehicle Engineering Labora-  
tory,  George C. Marshal l  Space Flight Center ,  under Contract NAS-8 
40 16, Schedule 11, Modification 292, change o rde r  MSFC- 1, Amend- 
ment  39. 
3 
BACKGROUND 
Scaling P a r a m e t e r s  
Space vehicle acceleration his tor ies  typically va ry  f rom values 
higher than one-g during powered flight to accelerat ions on the order  
of only o r  g ' s  during orbital  operations.  Liquid containers 
may range f r o m  one foot in diameter to grea te r  than 20 feet. 
mit reliable extrapolation f rom model t e s t  r e su l t s  to full- sca le  vehicle 
and spacecraft  sys tems,  appropriate dimensionless pa rame te r s  a r e  
employed. The Bond number and the Froude number a r e  the scaling 
parameters  applicable to the problem discussed in this r epor t  where 
To p e r -  
R 2 a  ravitational fo rce  - pR3a /gc  -- 
- P  
- 
crR Bond number,  Bo = g  capillary force  
( 2 )  
inertial  force  2- 2 v 2 /  c - c Froude number,  Fr = gravitational force  pR a / g c  aR 
Charac te r i s t ics  of Liquid Oscillations 
Evaluation of sloshing data 
f r o m  the S-IV stage of theSaturn 
I vehicles (Reference 1) indi- 
cates that during powered flight 
the LH, wave motion was essen-  
tially of the fundamental anti-  
symmetr ic  mode with severa l  
higher harmonics.  The mea-  
sured frequency of the funda- 
mental mode was in good agree-  
ment  with the theoretical  funda- 
mental frequency. Analyses indi- 
cated that the LH, sloshing dur-  
ing powered flight of the S-IVB 
stage was a l so  expected to be 
predominately of the fundamental 
mode. Therefore,  for purposes 
of analysis and specification of 
experiment conditions, only the 
fundamental mode of ant isymmet-  
r ic  sloshing was considered. 
Figure 1 i l lust rates  the geometry 
of the problem for a flat bottom 
cylindrical container. 
4 
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FIG. 1. Geometry for Liquid 
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If an inviscid, incompressible  liquid is oscillating in a cylindrical  
container in  a high gravity environment, the total energy of the wave 
motion can be expressed as  a function of the sloshing mass, the slosh- 
ing frequency, and the maximum liquid amplitude at the container wall. 
where the sloshing mass is given a s ,  
ms = 1.43R3 p tanh (1.841 h /R)  (4) 
The portion of the total energy that is in the potential energy state is 
P. E. = E  s in  #J (5) 
Sat ter lee  and Reynolds (Reference 2 )  studied the motions of a liquid 
in a ver t ica l  cylindrical  tube under the combined influence of gravita- 
tional and capillary forces  and obtained data that are in  substantial  
agreement  with their  theoret ical  predictions. Based upon a l inear ized 
inviscid incompressible  analysis ,  they found that the fundamental fre- 
quency can be descr ibed by the equation: 
w = {i!$ [ tanh  (1.841 h /R)]  [ 6.255 t 1.841 Bo 
- 4.755 COS e]  I' 
When the capi l lary forces  are  essentially negligible re la t ive to the 
gravitational forces ,  that  is Bo >> 1.0, equation (6) reduces  to, 
If a liquid column is oscillating with maximum amplitude, (h, and 
the applied accelerat ion is  suddenly reduced, the maximum amplitude 
of the oscillation in the reduced gravity environment, 5 a ,  can be 
est imated f rom the total energy equation ( 3 )  by equating maximum 
kinetic energy under the high gravity condition to maximum potential 
energy based on the reduced gravity condition to give, 
5 
Equation (8)  i l lus t ra tes  that the maximum amplification i s  direct ly  pro-  
portional to the liquid velocity before  the change in accelerat ion and 
inversely proportional to the square root  of the final or reduced accel-  
eration. 
under significantly reduced gravitational forces  the liquid-vapor inter - 
face becomes highly curved, it would be suspected that equation (8) is 
not an accura te  numerical  representat ion of the maximum liquid ampli-  
tude in the low gravity environment. It does, however, indicate that 
the Froude number is the applicable scaling pa rame te r .  
The t e r m  (Vz /aR) is recognized a s  the Froude number.  Since 
The maximum liquid amplitude can a l so  be expressed in t e r m s  of 
a n  amplification factor ,  which is simply a ra t io  of the maximum ampli-  
tudes pr ior  to and following the accelerat ion decrease .  That is, 
where 9 is the wave phase angle a t  the t ime of the decrease  in  acce lera-  
tion. 
equation (8) will yield a relation identical to equation (9) .  
In the special  cases  where 9 = 0 "  and 180" (flat liquid interface) ,  
Previous Damping Investigations 
If there  is no energy input to a sys tem that is oscillating in one of 
its natural modes , the amplitude of successive oscil lations dec reases  
a s  a resul t  of energy dissipation. 
described by the logarithmic decrement .  
The decreasing amplitude can be 
(10) 
maximum amplitude of any cycle = - 1 In (c) G i  
6 = In 
maximum amplitude one cycle la te r  n 
where 5i i s  the amplitude of the initial cycle and 5, i s  the amplitude n 
cycles l a t e r .  
A number of experimental  investigations have been conducted under 
standard gravitational conditions to determine the charac te r i s t ics  of 
viscous damping of the fundamental ant isymmetr ic  mode of oscillation 
in cylindrical containers a s  a function of liquid depth, liquid amplitude, 
kinematic viscosity,  and tank s ize .  The experimental  investigations 
produced s imi l a r ,  but not identical, empir ical  relationships for calcu- 
lating the logarithmic decrement .  Stephens (Reference 3 )  expressed 
his results in the fo rm,  
6 
h h 
R 
1 -2 -.. 1 .~ 
b = 5.  2 3  ( v 2  R a " )  ( [  1 + 2 ( 1  - E) csch. ( 3 .  68 - ) ]  
-1 h [ tanh ( 1 . 8 4  s)]) 
1 - 3  -.! 
Thequantity (v 'K a 4), commonly called the "damping pa ameter ,  
includes the kinematic viscosity, acceleration, and tank s ize  a s  varia- 
b l e s ,  
on damping. This t e r m  becomes a dominant factor a s  the filling depth 
ra t io ,  h /R ,  i s  decreased below 1. 0 .  F o r  the deep tank problem (h/R > 
1. 0 )  equation ( 1  1) reduces to, 
The quantity in brackets describes the effect of the liquid depth 
1 3  1 
6 = 5. 2 3  ( V ' R - ~  a*") 
Reference 4 summarizes  the findings of the Russian investigator,  G .  N 
Mikishev, whose resu l t s  were obtained in the form,  
1 3  
6 = 4.98 (v%-' am') { 1 
( 1 3 )  
0.318 1 - h/R 
-t sinh (1.84 h /R)  [ cosh (1 .84  h /R)  "1 } 
130th Stephens and Mikishev concluded that the clamping was not affected 
1))- the liquid amplitude at the wall for ainplitudes up to 0 .  1 5 .  Applica- 
bility of the equatioi;~ for  amplitudes greater than 0.  1 R i s  not known. 
Mikishev specifically investigated the effect of surface tension on 
darnping by employing two cylindrical tank diameters  (20 c m  and 51.8 
cm) and te st liquids having different surface tensions but identical 
kinematic viscosity, (Reference 4, page 110). Xesults of these experi- 
ments  showed that the surface tension h a s  an increasingly significant 
effect on damping a s  the Bond number is reduced. 
through (13) do not account for the effects of sur face  tension and a re ,  
therefor e, limited to la rge  Bond number applications. 
Equations (11) 
Mor e recently, an investigation of damping under conditions of 
zero  Bond nuinber has  been performed by Salzmari (Reference 5) .  
Salzman s h o w s  that the logarithmic decrement for a deep tank in a zero 
gravity environment i s  given by e i ther ,  - .  
0 1' , 
v L  b = 21.6 (E)4 
1 
6 = 28.1  (-&)? 
i 1 For  la rge  Bond numbers the quantity (v/oR2)' is  identical to the more  
commonly recognized damping parameter  given in equations ( 1  1 )  through 
( 1 3 ) .  The resu l t s  of Stephens (equation (12))  expressed in the f o r m  of 
equation (15)  a r e ,  
1 
6 = 6 . 1  (s)' 
Neither equation (1 5)  nor equation (16)  appears  adequate for predicting 
damping in the Bond number range of interest  during most  orbital  
operations (Bo = 20- l o o ) ,  and additional investigation is required to 
define the variation of the coefficient of the damping parameter  with 
Bond number. 
S-IVB-203 LH, Sloshing Conditions 
One of the pr imary  study objectives was to evaluate the liquid 
behavior at  the conditions anticipated to exist  in the S- IVB-203 LH, 
tank at  orbital  insertion. It is, therefore ,  of interest  to review these 
specific conditions and the S-IVB- 203 geometry. 
The Dynamics Analysis Branch of the MSFC Aero-Astrodynamics 
Laboratory(R-AERO-DD)made an  evaluation of the sloshing charac te r -  
ist ics of liquid hydrogen in the s-IVB-203 stage during ascent flight. 
Values pertinent to the problem of liquid motion following orbi ta l  inser- 
tion, that is af ter  5 - 2  engine cutoff, a r e  l isted in the following table. 
TABLE I 
S-IVB-203 STAGE LIQUID HYDROGEN SLOSHING PARAMETERS 
Tank radius ,  R 
Filling height, h/R 
Acceleration pr ior  to J - 2  cutoff, (a /go)h 
Acceleration following J- 2 cutoff, ( a / g o ) p  
Sloshing frequency a t  5 - 2  cutoff, fh 
Maximum ainplitude a t  wall without baffle, t;h 
Maximum velocity a t  wall without baffle, V h  
Maximum amplitude a t  wall with baffle 
Maxiniuni velocity a t  wall with baffle 
8 
130 inches 
0 . 8 7  
3 . 4 1  
0 . 7 0  cps  
5 inches 
1 . 8 3  f t / s ec  
0 . 2 7  inches 
0 .  1 f t / s ec  
5 
I. 
I -  
Based upon the values given in Table I, the maximum energy 
sloshing conditions in  the S-IVB-203 LH, tank at orbi ta l  inser t ion with- 
out baffles correspond to a Froude number of 19.3. 
Froude number of this magnitude represents  a n  approximate maximum 
liquid amplitude following orbi ta l  insertion of 3.26 tank r ad i i  o r  about 
35 feet  with r e s p e c t  to the liquid surface before engine cutoff. Such a n  
amplitude would be in excess  of the physical dimensions of the S-IVB- 
203. 
f r o m  the standpoint of vehicle stability and vent sys t em reliabil i ty.  
Examination of equation (8) shows that the liquid amplification can be 
minimized by one o r  a combination of the following methods: 
F r o m  equation (8),  a 
The maximum LH, energy conditions were  considered intolerable  
1. Decrease  the initial liquid velocity. This may be accomplished 
by : 
a .  Terminating the th rus t  when the s losh wave is in  the 
minimum kinetic energy position (+ = 90 O ,  270 ") 
b. 
suppression devices 
Decreasing the maximum possible  velocity with s losh  
2. 
3. 
The ideal solution is to terminate  the th rus t  when the wave is in  
In the pract ical  case ,  however, the problems 
Install  def lectors  to r ed i r ec t  the flow to the bottom of the tank. 
Increase  the final acceleration level  with auxi l iary th rus t e r s .  
its minimum kinetic energy position, s ince this  theoretically produces 
no amplification of motion. 
involved in sensing the instantaneous wave position and initiating the 
engine cutoff signal at a t ime when the vehicle velocity is  a l so  within 
acceptable limits make this solution unfeasible. 
Slosh baffles were  evaluated by R-AERO-DD to determine the extent 
of damping that could be expected on the S-IVB-203 stage using var ious 
baffle configurations.  
for one 20-inch r ing baffle placed at the approximate location of the 
liquid leve l  at J-2 engine cutoff. It was anticipated that the 20-inch 
r ing  baffle would reduce the liquid amplitude following cutoff to a maxi- 
mum of .'& /R = 0.178 o r  about 1.90 ft. 
means  of auxi l iary propulsion, a t  l eas t  0. 167 g ' s ,  o r  in  the case  of the 
AS-203 vehicle, a minimum thrus t  level of 10,000 lbf would be requi red .  
Of these  two al ternat ives ,  the r ing baffle imposes  a much smal le r  
weight penalty, is  passive,  and can also be used to suppress  sloshing 
during orbi ta l  coast .  Therefore ,  a 20-inch r ing baffle was installed i n  
the S-IVB-203 LH, tank as  a propellant control device. 
The amplitude and velocity given by Table I are  
To achieve the same effect by 
As  an  additional 
9 
precaution, a deflector was mounted approximately 100 inches (as  
measured a t  the wall attachment point) above the baffle. F igure  2 
i l lustrates  the S-IVB-203 fuel tank configuration with the baffle and 
de fl e c to r in stall e d . 
4 - - - _ _  I2 ------- ---- 
Engine Cutoff Pre- 
dicted in this Range 
/ I  ! / 
- 1 5 0  
E: A l l  Dimensions In Inches 
Unless Otherwise Speci f led  
FIG.  2.  S-IVB-203 Propellant Tank Geometry 
Simulation of S-IVB-203 Conditions 
To simulate prototype conditions in the MSFC drop tower, Froude 
numbers of a t  l eas t  19 .3  (without baffles) were  requi red .  
drop tower procedure consisted of establishing a f i r s t  mode slosh wave 
in the model container and, then, re leasing the t e s t  package into a low 
gravity environment. Therefore ,  assuming maximum energy conditions, 
the normal  gravity liquid amplitude necessa ry  to produce a given Froude 
number can be expressed as,  
The basic  
10 
I -. 
Equation (7) accurately defines the oscillation frequency of a liquid in 
containers of a few inches o r  greater  in diameter  under standard 
gravitational conditions. 
the amplitude becomes 
Substituting equation (7)  into equation (17),  
Thus, i f  the Bond number is sufficiently grea t  a t  the conditions before 
the reduction in acceleration, simulation of a given Froude number i s  
independent of the tes t  container dimensions or physical p roper t ies  of 
the tes t  
loL 
d 
\ 
cn c 
-2 
10 
fluid. Equation (18) is plotted in Figure 3 .  
I ’ I I I  I d -  h / R  = 0.90 1 . 1 19. 3 
-3 
10 
-4  -3 
10 10 
Acceleration - (a/g,), 
10-1 loo 
FIG. 3. Tes t  Conditions Required to 
Produce Various Froude Number s 
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Figure 3 i l lus t ra tes  that a t  the reduced accelerat ion leve ls  for 
which the drop  tower was initially checked out ( a /go  z l o - , ) ,  liquid 
amplitude ra t ios  of a t  l ea s t  ch/R = 0.35 were  requi red  to produce 
Froude numbers  of the magnitude anticipated in the S-IVB-203 fuel tank 
a t  orbital  inser t ion without baffles.  
APPARATUS AND PROCEDURES 
Tes t  P r o g r a m  Outline 
The initial t e s t s  utilized a six-inch inside diameter  Lucite sca le  
model S-IVB liquid hydrogen tank. 
pr imary  objectives of the p rogram were to study the comparat ive 
liquid behavior with and without the baffle and deflector in the tank and 
to obtain a n  indication of the expected liquid behavior at  orbi ta l  inser t ion.  
After data per t inent  to the AS-203 flight were  obtained, the LOX-LH, 
common bulkhead was replaced with a f la t  base,  and additional t e s t s  were  
performed to provide data over a wider range of conditions for general  
application to the design of liquid s torage sys tems.  The experimental  
p rog ram consisted of the following general  t e s t  s e r i e s .  
P r i o r  to the AS-203 flight, the 
1. Scale model S-IVB tank with no baffle or  deflector and a liquid 
height of h /R  = 0.9 .  
f rom gh/R = 0.35 to 0 .85  to simulate AS-203 energy conditions without 
the baffle. 
2 .  
Liquid amplitudes before  the drop  were  var ied  
Reduced acce lera t ions  ranged f r o m  0 . 0 1  to 0.026 go. 
Scale model S-IVB tank with geometr ical ly-scaled baffle and 
deflector.  Reduced accelerat ions ranged f r o m  0.005 to 0 .01  go. 
3 .  Six-inch inside diameter  f la t  bottom c i rcu lar  cylinder with no 
baffle and a n  h/R = 1 . 3 .  
amplitude (gh/R = 0.08 - 0 . 2 )  to produce mor  e near ly  ideal  l inear  
motion. 
Liquid amplitudes before  the drop  were  of low 
Reduced accelerat ions ranged f r o m  0 .01  to 0.04 go. 
Tes t  Faci l i ty  
The t e s t  p r o g r a m  was conducted in  the MSFC drop  tower facility, 
which is  located in  the Saturn V Dynamic T e s t  Tower.  
package containing the scale  model tank and assoc ia ted  equipment was 
placed inside a protective drag  shield, suspended f rom the top of the 
Dynamic Tes t  Tower,  and dropped into a 40-foot tall pneumatic (air) 
tube that decelerated the drag  shield and experiment  package. 
the drop, the experiment  package was  f r e e  floating within the drag  
shield. 
12 
The experiment  
During 
1 
13 
The drop distance between the bottom of the drag  shield (when 
suspended at the top of the tower) and the top of the pneumatic tube is 
approximately 294 feet ,  permitt ing low gravity t e s t  durations of up to 
4 . 3  seconds. 
ential between the drag shield 0. D. and the pneumatic tube I. D. ( 3  
inches), the drag shield i s  guided during the drop by rails. 
i s  a composite showing various physical charac te r i s t ics  and capabili t ies 
of the facility. 
ing the facility and i t s  operation. 
Because of the drop height and the small  diameter  differ-  
F igure  4 
References 6 and 7 provide additional detai ls  concern- 
Experiment Package 
The experiment package consisted of a 3 x 3 x 1 .5  foot welded angle 
aluminum f rame  with a plywood floor to which was mounted the neces-  
s a r y  t e s t  equipment (Figure 5). 
sliding table of a solenoid spring-operated mechanism (Figure 6) and 
enclosed within a light box, which provided proper light distribution on 
the test specimen for high- speed photography. 
used to establish the initial s losh wave in the liquid. 
i s  energized, the spring forces  the tank assembly along the slide rod  
and against the opposite side of the base  frame. 
container and the impact  against  the base f r a m e  re su l t s  in the formation 
of a slosh wave in the liquid. 
waves of varying initial maximum amp,litude could be established in the 
t e s t  fluid by al ter ing the spring constant, the spring tension, the t rave l  
of the sliding table, or any combination of these var iables .  
The model tank was clamped to the 
The mechanism was 
When the solenoid 
The motion of the t e s t  
The mechanism was constructed so that 
The electr ical  power for the experiment package was supplied 
by rechargeable nickel-cadmium bat te r ies  ca r r i ed  on the package. 
Data (except photographs) were  originally re t r ieved f r o m  the pack- 
age  through a trailing cable between the experiment package and 
the drag shield. The data cable was the only physical connection 
between the experiment package and the d rag  shield during drop-  
ping. To eliminate this trail ing cable,  a te lemetry data r e t r i eva l  
system was designed and incorporated after approximately 50 p e r -  
cent of the t e s t  p rogram was completed. 
A nitrogen cold gas  thruster  located in the center of the package 
and exhausting downward through an  opening i n  the center of the floor 
was used to apply a predetermined accelerat ion to the t e s t  fluid during 
drop.  
mounted on the experiment package. 
in the form of plenum p r e s s u r e  ve r sus  thrus t  by a precis ion force- 
balance technique. 
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Gas was supplied to the thruster  f r o m  a 3000 psia  s torage bottle 
The thrus te r  nozzle was calibrated 
By adjusting a p r e s s u r e  regulator on the package, 
FIG. 5. Drop Tower Experiment Package 
Clamping Bracket 
T e s t  
F lu id  
\ 
Model  S-1VB LH2 Tank k 
Clamping Bolts (4) r 
Sliding Base 
S l ide  Rod 
B a s e  F r a m e  
Latch 
FIG. 6. Sketch of Impulse Mechanism with 
Model Tank Installed 
the thruster plenum p r e s s u r e  could be changed to vary the accelerat ion 
on the package f rom one drop to another.  
T e s t Liquid 
The t e s t  fluid used in a l l  ca ses  was petroleum ether .  Petroleum 
ether was selected because it has a kinematic surface tension that is 
near ly  the same as hydrogen, has a s ta t ic  contact angle of ze ro  degrees  
with Lucite, and i s  chemically compatible with Lucite. To ensure 
proper  wetting , careful cleaning procedures  were  adopted, and contami- 
nation of the solid surfaces  and the liquid was avoided. 
surface tension, and viscosity of petroleum ether were  each measured  
at  three different tempera tures  within the range of in te res t .  
fluid temperature  was measured before each drop so that fluid propert ies  
character is t ic  of each t e s t  could be evaluated. 
values of these propert ies .  
The density, 
The t e s t  
The following table lists 
TABLE I1 
PROPERTIES O F  PETROLEUM ETHER 
Op e r a  ting Pr o c edur e 
After the experiment package was assembled,  the camera  
loaded with film, the thruster  nozzle centered, the high p r e s s u r e  
nitrogen s torage bottle charged with gas,  and the mechanism placed in 
the drop position, the package was balanced about the ver t ical  axis of 
the thrust  nozzle by adding weights where required.  
performed on a Bytrex Center-of-Gravity Locator,  which is  a s t ra in-  
gauge balance table capable of locating the package center of gravity 
within * O .  003 inches. When all balancing was completed, the package 
was placed in the d rag  shield, and the d rag  shield was suspended in its 
predrop position in the working a r e a  at  the 336-foot level of the Dynamic 
T e s t  Tower. 
The balancing was 
The camera ,  lights, and thrus te r  were  actuated two seconds before 
the drop to allow the thruster  plenum p r e s s u r e  to become fully stabilized 
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and the camera to  attain f u l l  speed. 
timer on the package was p r e s e t  to actuate the impulse mechanism at 
any des i red  time between camera-on  and drop. 
and thruster operation were  terminated by onboard c i rcu i t ry  approxi- 
mately nine seconds after initiation. 
executed automatically.  
An infinitely var iable  0-10 second 
The camera ,  l i gh t s ,  
The en t i re  t e s t  sequence was 
Data Reduction 
To visually and numerical ly  evaluate the liquid behavior, films 
were  taken of the t e s t  container and liquid at a speed of about 400 
f r ames , / s ec  with a Milliken camera. Numerical  data per t inent  to the 
liquid motion were  obtained by reading, with a Teleredex machine, 
the liquid amplitude as a function of time (in a plane perpendicular to 
the field of view of the camera) f rom the film. Ordinarily,  the ampli-  
tude was r e a d  every  fourth f rame,  or at approximately 0.01-second 
intervals ,  providing about 40-45 data points per  cycle of liquid motion 
under one-g conditions and 200-400 points per  cycle under the reduced 
gravity conditions. 
Film Calibration - To c o r r e c t  for the visual  dis tor t ion due to the 
tank wall  and the test fluid, a calibration gr id  of horizontal  and 
ver t ica l  ruled l ines  on a Plexiglass shee t  was placed in the test 
tank and aligned on a plane passing through the center l ine of the 
tank. The tank was then filled with petroleum ether  and photographed 
under conditions identical to  those used on the experiment  package, 
that  is, with the s a m e  camera ,  lens, and spacing between the lens  
and t e s t  tank. F r o m  the calibration film, a table was compiled in  
the f o r m  of apparent  ho;izontal and ver t ica l  distance a s  a function 
of known ruled distance.  This table was input to a data reduction 
computer p r o g r a m  and used to co r rec t  " a s  read" dimensions to 
t rue  dimensions before  any other operations o r  calculations were  
per formed with the data.  
Experiment  Package Acceleration - During each tes t ,  the thrus te r  
plenum p r e s s u r e  was measured  continuously to  determine the variation 
in p r e s s u r e .  
nea r ly  constant during any given drop. The maximum variation observed 
between the p r e s s u r e  at  the beginning of a t e s t  and the p r e s s u r e  at the end of 
the test was about3.5percent .  Using the average  m e a s u r e d p r e s s u r e ,  the 
actual  t h rus t  was determined f r o m  the nozzle calibration curve.  
acce le ra t ion  level  was subsequently calculated f r o m  the th rus t -mass  
cha rac t e r i s t i c s  of the package. 
The p r e s s u r e  t r a c e s  indicate that the thrus t  remained 
The 
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During the final s e r i e s  of t e s t s  in  the program,  a low-range accel-  
erometer  (Model MCA- 5 l inear accelerometer  manufactured by Univer - 
sal Controls, Incorporated) was installed on the experiment package. 
The instrument used i s  a high performance,  servo-type, force balance 
transducer having a n  output of _t 5 volts DC a t  k 0 . 2  g ' s .  Comparisons 
of the acceleration indicated by the acce lerometer  and the accelerat ion 
calculated f rom the package thrus t -mass  charac te r i s t ics  show that the 
accelerometer  reading was usually higher than the calculated acce lera-  
tion. 
tion was grea tes t  at  the lower accelerat ion levels.  
reading was a maximum of about 20-25 percent  higher than the calcu- 
lated acceleration a t  0 . 0 4  g ' s  but was a s  much a s  100 percent  higher 
than the calculated value at 0 .01  g ' s .  
The difference between the measured and the calculated acce le ra -  
The acce lerometer  
Figure 7 i l lustrates  a typical nominal accelerometer  output. Before 
the drop, the acce lerometer  output i s  at full- scale  deflection. Following 
re lease ,  a relatively shor t  t ransient  i s  observed until the acce lerometer  
indicates that a steady-state low gravity condition has been achieved. It 
is not known whether the initial t ransient  is  a r e s u l t  of the instrument  
response charac te r i s t ics  or an actual gravity transient.  
a combination of the two, but the individual effects cannot be separated.  
The exact nature of the t ransient  profile var ied somewhat f r o m  one t e s t  
to another, but the acce lerometer  indicated steady- s ta te  conditions f r o m  
0.  1 to 0 . 3  seconds af ter  f irst  package motion. In the example i l lustrated 
by Figure 7, the calculated accelerat ion was 0 .0404 g l s ,  while the 
accelerometer  indicated 0 .05  g ' s .  
It i s  probably 
Although the acce lerometer  charac te r i s t ics  discussed in the previous 
paragraphs were  typical, there  were  severa l  instances in which the nozzle 
thrus t  was varied to increase  o r  dec rease  the accelerat ion on the package; 
yet,  the acce lerometer  indicated the opposite effect. In a l l  ca ses  the wave 
period mea sur ed in the low gravity environment supported the calculated 
acceleration both in t rend (period inc reases  with decreasing accelerat ion)  
and in absolute numerical  value (equation (6)) .  The r easons  for the dis-  
crepancies in the acce lerometer  output could not be resolved. Therefore ,  
the experimental data were  evaluated on the bas i s  of the calculated accel-  
erat ion levels. 
Determination of Release Time - Coded timing m a r k s  were  displayed 
along the edge of the film to r e l a t e  the film to the physical events occur-  
r ing during the t e s t  sequence. The t ime of r e l e a s e  of the experiment 
package and drag shield was indicated by a breakwire  signal. 
viewing the films, it appeared that the liquid was experiencing a reduced 
gravity environment befor e the br  eakwir e signal. 
When 
After installation of 
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FIG. 7.  Typical Low Gravity Accelerometer Output and 
Comparison with Calculated Acceleration 
the acce lerometer  on the experiment package, this fact  was validated. 
The acce lerometer  consistently indicated motion of the experiment 
package f r o m  0.01 to 0 .03  seconds before the breakwire  signal. 
t e s t  i l lustrated by Figure  7, for example, the breakwire  signal occurred 
0 .02  seconds after the accelerometer  fir st indicated package motion. 
This time l a g  was subsequently attributed to varying degrees  of stretch- 
ing of the wire  between the t ime of re lease of the drag shield and the 
actual breaking of the wire.  
adjusted for  the t ime lag. 
In the 
The ze ro  t ime on the films was, thereaf ter ,  
Determination of Liquid Velocity - The liquid velocity at the instant of 
r e l e a s e  into the low gravity environment was one of the p r imary  para-  
m e t e r s  of in te res t  in the tes ts .  To obtain this data, a l ea s t  squares 
second o rde r  polynomial curve f i t  was applied to the amplitude data 
using a n  a r b i t r a r y  number of data points. 
ing polynomial, the liquid velocity at the t ime corresponding to the 
midpoint of the par t icular  data group was obtained. 
be clar i f ied by r e fe r r ing  to Figure 8. 
By differentiating the resul t -  
This procedure will 
If a five-point (must  be an  odd number) curve f i t  is  chosen, a poly- 
nomial i s  fit to the f irst  five data points as i l lustrated by Figure  8. The 
polynominal i s  then differentiated and evaluated a t  the t ime correspond- 
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FIG. 8. I l lustration of Amplitudej Data  Curve Fitting P rocedure  
ing to data point 3 to give the velocity a t  point 3 .  
repeated using points 2 through 6, inclusive, to obtain the velocity at 
point 4, and so forth. By this method, a three-point f i t  descr ibes  the 
instantaneous velocity based upon the "a s  read" amplitude data .  Use 
of a greater  number of points in the curve  f i t  produces smoothing of 
the "as read" data. 
This procedure i s  
The t e s t  films indicated that during the oscillation, which was 
established before the drop, the liquid immediately adjacent to the wall 
sometimes appeared to become "stuckf '  to the wall, although liquid a 
short  distance away f r o m  the wall was moving. The "stuck" condition 
occurred when the wave reached its minimum or  maximum amplitude 
(zero velocity) and changed direction. 
package occurred while the liquid was stuck, or  shortly af ter  the break-  
away f r o m  the wall, the stuck condition might significantly affect the 
l inearity of the velocity profile with the maximum instantaneous velocity 
occurring a t  some distance f r o m  the wall. 
profile a c r o s s  the liquid surface was  determined for each test .  
If the r e l e a s e  of the experiment  
Consequently, the velocity 
To determine the velocity profile a c r o s s  the liquid surface,  the 
amplitude history of the surface was measu red  at 0.  15 inch increments  
up to about one inch f r o m  the wall over the t ime period f r o m  0 .3  seconds 
before the drop until 0 . 3  seconds a f t e r  the drop. The t ransient  velocity 
of the surface at each rad ia l  station was then computed f r o m  a curve fit 
in the manner descr ibed previously. 
dure  definitely established that the maximum liquid velocity at the t ime 
of re lease was not always at the tank wall. 
The r e su l t s  of the foregoing proce-  
This i s  i l lustrated by 
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Figure  9, which shows the velocity profiles a c r o s s  the liquid sur face  
at various t imes  before and a t  the t ime of drop during t e s t  2F-28. 
values in Figure 9 a r e  based on a five-point curve f i t .  
All 
The effect of the number of points chosen for the curve f i t  on the 
The magnitude of the reduced numerical  data was a l so  investigated. 
velocity profiles were  evaluated on the basis  of 5, 11, and 19-point 
curve fits to determine the effect of the curve f i t  on the computed 
numerical  value of the velocity. 
which included a three-point f i t ,  and it was found that the three-  and 
five-point fits produced near ly  identical velocities. 
established, the three-point f i t  was omitted f rom subsequent evaluations. 
Omission of the three-point f i t  was based on r easons  associated with the 
operation of the data reduction computer program. F igure  10 shows the 
effect of the number of points chosen for the curve f i t  on the velocity 
profile at  breakwire  t ime during t e s t  2F-28. In this par t icular  case,  
the velocity at the wall computed f r o m  the five-point f i t  is about twice 
as  g rea t  a s  the velocity obtained f r o m  a 19-point f i t .  
Several  comparisons were  a l so  made, 
Once this was 
A s  suggested by equation (8), the maximum liquid amplitude in the 
low gravity environment was plotted against the square  root  of the 
Froude number where the maximum instantaneous velocity in the liquid 
at release was used to compute the Froude number. 
using five- and 19-point fits to  determine the velocity. 
data based on the 19-point velocities were so scat tered as to be com- 
pletely meaningless,  the data based on the five-point velocities demon- 
s t ra ted the expected t rend (maximum amplitude dec reases  with decreas-  
ing Froude number) with significantly l e s s  scattering of the data.  
was concluded that the curve f i t ,  and not the velocity profile, was the 
significant factor in  determining the most  rea l i s t ic  value of instantane- 
ous velocity. 
P lo ts  were  made 
Whereas the 
It 
RESULTS AND DISCUSSION 
Maximum Liquid Amplitude Without Baffles 
General  Liquid Behavior - The general nature of the liquid behavior 
that  was observed in the t e s t s  without the baffle and deflector may  be 
divided into two types. 
energy conditions a r e  insufficient to resul t  in the movement of liquid to 
the top of the tank. 
where the velocity is positive (toward forward dome) a t  the time of 
The f i r s t  type of motion occurs  when the 
As the amplitude of the wave at the tank sidewall 
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re lease  increases  with t ime,  the liquid-vapor interface becomes 
highly curved, but generally remains  well-defined. 
t r a t e s  liquid-vapor interface profiles when the liquid is  a t  its maximum 
amplitude in the low gravity environment for Froude numbers  of 0 . 0 9 ,  
1.3, and 10. 5. 
Figure 11 i l lus-  
The second type of motion results when the energy conditions a r e  
sufficient to cause movement of the liquid to the top of the tank. In 
this case,  the liquid motion is governed by the par t icular  container 
geometry. 
the forward dome redirected the flow a c r o s s  the dome and down the 
opp3site sidewall. The initial t es t s  in  the experimental  p rog ram were  
designed to produce Froude numbers  in the approximate range of the 
predicted S-IVB-203 LH, conditions (19.3) without the baffle. Froude 
numbers a s  high as 22  were  achieved. 
amplitude reached the top of the tank whenever the Froude number was 
in excess of about 14. 
value except as applied to the geometry of those specific t e s t s .  
eve r ,  the visual observation of the liquid behavior was informative. 
In the model S-IVB tanks, for example,  the curvature  of 
It was found that the liquid 
These tes t s  did not provide data of numerical  
How- 
Test  2F- 1 affords a good il lustration of the general  charac te r i s t ics  
of the second type of motion. 
the film of the tes t  that visually i l lustrate  the liquid configuration a t  
various t imes.  
moved toward the top of the tank, and a s  shown by the sequence of 
photographs, the liquid continued its upward t rave l  until it reached the 
forward dome. 
down the opposite wall, and re-collected in the Sottom of the container.  
F o r  a short  period of t ime,  the liquid appeared to be completely 
reset t led,  although some turbulence was visible. 
wave containing significantly l e s s  m a s s  than the f i r s t  subsequently 
r o s e  up the lef t  wall of the tank and reached the top of the dome a 
second time. 
but, instead, gradually sett led back down the left  wall. The t ime 
interval between the waves corresponded ve ry  closely to the natural  
frequency of the liquid at the reduced gravity level ,  a s  determined f r o m  
the Satterlee-Reynolds equation (equation (6)) .  
Figure 12 shows selected f r ames  f r o m  
At r e l ease ,  the liquid on the lef t  side of the container 
The liquid then followed the contour of the dome, fell  
However, a second 
The second wave did not completely encircle  the dome 
When the liquid fell  down the r igh t  wall, after its initial pas s  a c r o s s  
the dome, it penetrated the liquid mass that had remained in the bottom 
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of the tank and  c n t r a i n e d  a l a r g c  bubble  of ul lage g a s .  
subsequen t ly  t r a n s p o r t e d  in to  the s p a c e  between the  s idewal l  a n d  the  
conmion bulkhead a n d  then s lowly  gravi ta ted  toward  the l iquid s u r f a c e  
(see F i g u r e  12f). 
T h e  bubble  w a s  
Quant i ta t ive  R e s u l t s  - T h e  m a x i i n u m  liquid ampl i tude  i n  the  low g r a v i t y  
e n v i r o n m e n t  w a s  eva lua ted  in  the  f o r m  of the m e a s u r e d  a m p l i t u d e  a s  a 
funct ion of the  in s t an taneous  e n e r g y  conditions at  d r o p  (as d e s c r i b e d  by 
the F r o u d e  number  in equat ion  (8 ) )  and  the ampl i f i ca t ion  f a c t o r  (equa-  
t ion (9 ) ) .  When cons ide r ing  the r e s u l t s  in the f o r m  of equat ion  (8 ) ,  the  
Inaxin ium l o w  g rav i ty  ampl i tude  w a s  defined a s  the  d i f f e rence  be tween 
t h e  n i e a s u r  ed niaxinium ampl i tude  t;a , and  the in s t an taneous  a m p l i t u d e  
at  the  i n s t a n t  of d r o p ,  C i .  T h i s  ampl i tude  d i f f e rence  i s  denoted as  AC1. 
F i g u r e  13 s h o w s  the  m e a s u r e d  m a x i m u m  l iquid a m p l i t u d e s  plot ted 
i n  d i m e n s i o n l e s s  f o r m  A&! / R ,  a s  a function o f  the s q u a r e  r o o t  of the 
F r o u d e  n u m b e r .  R e s u l t s  a r e  shown for  tes t s  both wi th  a n d  without  the 
baff le  a n d  d e f l e c t o r .  
w a s  some d a t a  s c a t t e r ,  a n d a  s ingle  c u r v e  r e p r e s e n t a t i v e  of al l  t he  da t a  
could no t  b e  def ined.  
boundary  of t he  d a t a  r e g i o n  v a r i e d  f r o m  ALp /R = . 6 3  to A51 /R = 1 .8  
o v e r  a F r o u d e  n u m b e r  r a n g e  of 0 .028  to 1 4 . 6  a n d  is def ined by the  
e m p i r i c a l  r e l a t i o n ,  
I n  the t e s t s  without  the baffle and  d e f l e c t o r ,  t h e r e  
However ,  the m a x i m u m  ampl i tude  a long  the  upper  
[ 0 . 0 1 8  I n ( F r )  t 0 .  1771 AC.[ /R  = 0 . 9 9  (Fr )  
T h e  n u m e r i c a l  d a t a  with the baffle in the tank w e r e  obta ined  f r o m  
t e s t s  in  which  the nomina l  l iquid l eve l  was  below the  baffle pos i t ion .  
F i g u r e  1 3  shows  t h a t  a t  a n y  given F r o u d e  number  the  s l o s h  baff le  
s ign i f icant ly  r e d u c e d  t h e  m a x i m u m  l iquid ampl i tude  c o m p a r e d  t o  the  
unbaff led amplitude. T h e s e  r e s u l t s  do not ful ly  e m p h a s i z e  the  e f fec t ive-  
n e s s  of the baffle a s  a p r o p e l l a n t  con t ro l  device .  It w a s  shown i n  Sec t ion  
11. D tha t  t h e  p r i m a r y  va lue  of the baffle is in r educ ing  the  l iquid k ine t i c  
e n e r g y  (hence  F r o u d e  n u m b e r )  dur ing  t h e  high g r a v i t y  condi t ion in c o m -  
p a r i s o n  to the  e n e r g y  t h a t  would e x i s t  i f  the baffle w e r e  not in  the  tank.  
Within the r a n g e  of t e s t  condi t ions thr niaxiniuin l iquid ampl i tude  
a p p e a r s  to be  independent  of the Bond numbcr  . However ,  a t  suff ic ient ly  
low va lues  of F r o u d e  n u m b e r ,  a Bond number  dependence  should become  
a p p a r e n t .  
sub jec t ed  t o  a sudden  d e c r e a s e  in a c c e l e r a t i o n ,  Fung ( R e f e r e n c e  8) has  
shown n ia thenia t ica l ly  t h a t  the  i n t e r f a c e  osc i l l a t e s  abou t  i t s  low g rav i ty  
e q u i l i b r i u m  pos i t ion .  T h i s  has  a l s o  been d t i n o n s t r a t e d  e x p e r i m e n t a l l y  
In the  e x t r e m e  c a s e  of a n  ini t ia l ly  quiescent liquid (Fr = 0) 
2 5  
liy Siegcrt (RcCcrcncc 9 ) .  As  the E’roude number dec reases ,  the 
tiia\iiiiiiiii l i q u i d  an~l)Iitiidc ( a s  defined in Figure 1 3 )  should, there-  
f o r e ,  approach,  as a niiniiiiuii~ valuc, the wall amplitude of the 
equili1,rium interface configuration corresponding t o  the prevailing 
Bond  iiunibcr . 
The cause of the data scat ter  in Figure 13 is probably due to 
a combination of sevcra l  factors  of which the identification of the 
release t ime or zero  reference i s  the most  significant. It became 
apparent ear ly  in the prograiii that meaningful amplitiidt data would 
lie Iiighly dependent upon accurate  determination of the zero ,  o r  
rc lcasc t ime.  Consequently, g rea t  c a r e  was exerc ised  to this end, 
Nevcrtheless,  a s  illustraterl l ~ y  Figure 9 ,  e r r o r s  of only a few 
hundredths of a second in identifying the f i lm f r ame  corresponding 
to actual r e l ease  t ime can resiilt in sizeable e r r o r s  in initial 
velucity. Also, i t  is  significant that the data f rom the tes t s  in 
which the initial (one- g) sloshing conditions were  small in aniplitude 
and more  near ly  l inear in nature ,  with only one exception, plot 
a long  the upper boundary of the data region. This consistency exis ts  
because fluid conditions were  more  uniform f r o m  one t e s t  to 
another,  and the near  l inear  motion should have permitted more  
reliable reduction of data from the f i l m s .  T h e  initial sloshing 
character is t ics  in the small amplitude tes t s  were a l so  representa-  
tive of the type of motion that woiild occur in a vchicle during 
powered flight. For these reasons ,  i t  i s  believed that the upper 
boundary of the data a r e a ,  a s  well a s  being the safe design condi- 
tion, i s  actually the mos t  real is t ic .  
The measured and calciilated (equation ( 9 ) )  amplification factors  
a r e  tal>ulated in  Table 111. A s  shown, the r e su l t s  a r c  inconclusive. 
The  deviations in this case  can a l so  lie partially attributed to 
possible e r r o r s  in deterniining the exact r e l ease  t ime.  However, 
the fact  that a reasonably good correlat ion was ohtained in t c r m s  
of the Frout le  nuimber, whereas for the saiiie t e s t s  near ly  random 
resnl ts  xvere obtained in the fo rm of the aniplification factor ,  is 
explained bb- the following reasoning. In F igure  13, the I>icasured 
amplitudes a r e  re la ted to a quantity i n  \n,liich the instantancous 
e n e r g y  conditions w’er e dctcrinincd f r o i n  nicasureiiients of the 
liclnitl surface.  On the o th t r  hand, thc calculated aniplification 
factors  in l’able 111 a r c  predicated u p o n  ai1 idealized l inear wave 
in \\hich thcrp i s  a k n o w n  rclation5hip t)ct\..*,t.cn w a v e  phase angle 
and velocity. Sincc the actual IicluirI oscillations were not conipletely 
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(a) T i m e  = -0.1 seconds (Before Drop) (b) Time = 0.0 seconds (Drop) 
Maximum Amplitude Under Standard 
Gravi ta  t iona 1 Conditions 
t 
A 
(c) T i m e  = +0.1 seconds (After Drop) (d) T i m e  = +0.5 seconds. Liquid 
Reaches Forward Dome of Tank 
FIG. 12. Behavior of a Slosh Wave Following a Sudden 
Reduction in Acceleration, Froude No. = 22 27 
(e) Time = +1.5 seconds. Liquid ( f )  Time = + 2 . 9  seconds.  Liquid 
Begins Re-col lect ing i n  Bottom Appears S e t t l e d  
of Tank 
(g) T i m e  = +3.5 seconds. Second 
Wave Reaches Forward Dome. 
FIG. 12. Behavior  of a Slosh Wave Fol lowing  a Sudden 
Reduct ion  i n  Acceleration, Froude NO. = 2 2  
(Concluded)  
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linear (see Figure 9 )  the phase angle was not an  accura te  representa-  
tion of the instantaneous velocity. 
TABLE 111 
COMPARISON O F  MEASURED AND CALCULATED AMPLIFICATION FACTORS 
T e s t  
No. 
2 F - 2  
2 F - 2 0  
2 F - 2 1  
2 F - 2 2  
2 F - 2 8  
2 F - 3 0  
2 F - 4 1  
2 F - 4 2  
2 F - 4 6  
2 F - 4 8  
2 F - 4 9  
2 F -  50 
Degrees  
9 
4 8 . 5  
119.  1 
3 1 . 2  
1 4 2 . 9  
47 .3  
52 .6  
4 7 . 2  
8 7 . 6  
6 5 . 7  
2 7 . 0  
5 5 . 8  
9 . 3 6  
ah/aQ 
4 0 . 5  
100 
100 
100 
32 .3  
33.6 
32 .0  
32 .0  
26 .75  
50.0 
2 5 . 6 4  
2 5 . 6 4  
Inches 
5h 
1 . 7 5 8  
0 . 5 1 8  
0 . 2 9 0  
0 . 1 9 0  
0 . 7 0 0  
0 . 3 9 1  
0 . 2 8 1  
0 . 2 5 4  
0 . 3 1 0  
0 . 2 6 2  
0 .379  
0 . 3 9 7  
Ieasur  ed 
Inches 
5a 
2 . 7 7 5  
3 . 3 9 1  
3 . 0 5 0  
3 . 8 9 0  
1 . 7 9 0  
3.  183 
2 . 6 0 8  
1 . 8 2 2  
3 . 0 0 9  
3 . 2 6 3  
1 . 9 7 8  
2 . 1 5 5  
CQ /5h 
1. 58 
6. 55 
10. 50 
2 0 . 4 5  
2 . 5 6  
8. 15 
9 . 2 8  
7.  17 
9.68 
1 2 . 4 5  
5 . 2 1  
5 . 4 3  
~~ 
Calculated 
(Equation 9)  
5 I/ 5h 
4 . 2 8  
4 . 9 4  
8. 57 
8 . 0  
5 .60  
4 . 0  
3. 52 
3 . 9 2  
1 . 0 2 3  
3 . 0 5  
4 . 5 4  
2 . 9 6  
On the bas i s  of this  study it i s  not possible to der ive  a conclusive 
empir ical  relationship for the liquid amplitude following a reduction 
in  acceleration. However, for unbaffled tanks, equation (1 9) should 
provide es t imates  of sufficient accuracy  for most  engineering purposes.  
The amplitudes corresponding to the measured  Froude numbers  a r e  
such that the use of auxiliary devices for reducing the propellant motion 
would be required in most  pract ical  applications. 
T e s t s  with Baffles 
Eleven t e s t s  were conducted with a geometrically- scaled S- IVB-203  
baffle and deflector in the model tank. 
the nominal liquid level in the S - IVB-203  LH, tank be a t  the baffle posi- 
tion at  orbital  insertion to der ive  maximum damping f rom the baffle 
immediately before thrust  termination. It was est imated,  however, that 
the liquid level could be a s  much a s  12 inches below the baffle a t  thrust  
termination due to possible variations in initial propellant loading and 
flight t ra jectory.  
It was originally intended that 
Five tes t s  were performed with the liquid level at  the 
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1 -. 
baffle position, and s ix  t e s t s  were conducted with the liquid level  a 
distance of d/R = 0.  18 below the baffle. (This cor responds  approximately 
to the minimum predicted S-IVB-203 liquid level at orbi ta l  inser t ion.  ) 
Liquid Level  a t  Baffle Position - In the t e s t s  with the liquid level  at  the 
baffle position, it was impossible  to  accurately m e a s u r e  liquid velocit ies 
a t  the wall  because of the visual  interference of the baffle. Therefore ,  
the r e su l t s  of this par t icu lar  s e r i e s  of t e s t s  a r e  purely qualitative. 
P a i r s  of t e s t s  were  conducted with and without the baffle and deflector 
installed in the tank. Fo r  each  pair  of t e s t s  the initial energy  input 
(mechanism spring constant, spr ing deflection, and t ime l a g  f r o m  
impulse to drop)  and accelerat ion during drop  were ,  for all prac t ica l  
purposes ,  identical. 
F igure  14 shows selected f r a m e s  f r o m  the films of two t e s t s  ( 2 F -  
19 and 2G-3)  that i l lus t ra te  typical resu l t s  observed during this  s e r i e s  
of t e s t s .  The Froude number in the test  without the baffle was 14.6.  
The Bond number in both t e s t s  was about 24. The energy  conditions 
were  such that the maximum amplitude of the liquid in the low gravity 
environment during t e s t  2F-19 was jus t  equal to the physical upper 
l imi t s  of the tank. 
As shown by Figure 14, the maximum liquid amplitude with the 
baffle was considerably lower than observed in the corresponding t e s t  
without the baffle. In addition, a thin column o r  "spike" of liquid was 
formed near  the wall that subsequently flowed upward and away f r o m  
the tank wall toward the opening in the center  of the deflector.  
column reached a maximum amplitude corresponding to the at tachment  
point of the deflector a t  the wall. This type of flow was typical of all 
the baffled t e s t s  with the liquid surface initially at the baffle position. 
I n  the example shown by Figure  14, a second column of about the same 
diameter  a s  the f i r s t  was formed a t  the opposite tank wall. 
column did not r each  an  amplitude a s  g r e a t  a s  the f i r s t  but s imply fel l  
a c r o s s  the tank and quickly re-collected with the liquid bulk. 
liquid mass contained in both columns was very  sma l l  compared to the 
total m a s s  of liquid in the tank. 
The 
The second 
The 
P resumab ly ,  the deflected column is a r e su l t  of the interaction of 
the liquid flowing a c r o s s  the top of the baffle and the liquid below the 
baffle being turned upward and toward the center of the tank by the 
baffle sur face .  It i s ,  therefore ,  suspected that the orientation of the 
baffle influenced the t ra jec tory  of the deflected column. 
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Liquid Level Below Baffle Posit ion - In the s e r i e s  of tes t s  with the liquid 
level below the baffle, the predrop slosh amplitudes were  l e s s  than the 
distance between the baffle and the nominal liquid level.  Therefore ,  i t  
was possible to measu re  the liquid amplitude his tor ies  before drop and 
make  a quantitative evaluation of the baffle. Measured Fr oude numbers  
in these tes t s  ranged f r o m  about 0.561 to 11. The measured  maximum 
liquid amplitudes a r e  shown in Figure 13 for comparison with the data 
f r o m  the t e s t s  without the baffle. As  mentioned previously,  at a given 
Froude number the baffle significantly reduced the maximum amplitude 
in  the low gravity environment. 
In general ,  following the reduction in accelerat ion,  the liquid would 
"pile up" under the baffle on the side of the tank toward which the s u r -  
face flow was moving at the t ime of drop. A smal l  quantity of liquid 
usually spilled around the lip of the baffle and collected between the top 
surface of the baffle and the tank wall, where it remained for the dura-  
tion of the low gravity period. The liquid interface around the remainder  
of the circumference of the tank spread up the wall due to surface tension 
and collected under the baffle with some occasional spillage over the lip. 
Figure 15 shows a comparison of f r ames  f r o m  the f i lms of t e s t  2F-41 
(no baffle) and 2G-9  (baffle and deflector installed).  
the latter tes t  was typical of the flow pat tern just  descr ibed.  
number in both cases  was about 0. 5. 
The fluid motion in 
The Froude 
Another type of flow pat tern observed was very  similar to that 
described previously, except a column of liquid was formed that had a 
trajectory toward the center opening of the deflector and a maximum 
amplitude corresponding approximately to the position of the deflector.  
Figure 16 shows selected f r ames  f r o m  the f i lm of t e s t  2G-6 (baffle and 
deflector),  which.exhibited the second type of flow pat tern,  and tes t  
2F-48 (no baffle). The Froude number in both tes t s  was about 1.3.  
Based upon the very l imited number of tes t s ,  the two different flow 
patterns were  not found to be dependent on the Froude number.  
In addition to considerably reducing the maximum liquid amplitude, 
In 
the baffle was a l so  quite effective in damping the fluid oscil lations.  
F igure  17 shows the amplitude his tor ies  f r o m  t e s t s  2F-41 and 2G-9 .  
the baffle tes t ,  the fluid motion a t  the wall in the low gravity environ- 
ment  was essentially dissipated af ter  about one second, o r  about 0 . 2 2  
t imes  the theoretical  lcw gravity wave period. 
In both of the par t icular  liquid-baffle geometr ies  tes ted,  the bulk of 
the liquid was effectively contained below the baffle following a sudden 
reduction in applied acceleration. 
t ime was either that  which spilled oyer the baffle and became trapped 
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The only liquid above the baffle a t  any 
No Baf f l e s  
B a f f l e  and Deflector  
I n s t a l l e d  i n  Tank 
( a )  Time  = -0.14 seconds (Before Drop) 
(b) Time = +0.07 seconds (After Drop) 
( c )  T i m e  = +0.17 seconds 
FIG. 14. Effect  of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level at 
the Baffle Position, Froude Number with No 
Baffle = 14.6 
3 3  
No Baf f l e s  
(d) Time = +0.53 seconds 
B a f f l e  and Deflector  
I n s t a l l e d  i n  Tank 
( e )  Time = +0.99 seconds 
( f )  Time = 4-1.23 seconds 
FIG. 14. Effect of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level a t  
the Baffle Posit ion,  Froude Number with No 
Baffle = 14.6 (Continued) 
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No Baffles 
B a f f l e  and Deflector  
I n s t a l l e d  i n  Tank 
(g) Time = +1.94 seconds 
(h) Time = +2.44 seconds 
(i) Time = +3.84  seconds 
FIG. 14. Effect  of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level at 
the Baffle Position, Froude Number with No 
Baffle = 14.6  (Concluded) 
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No Baff les  
B a f f l e  and Def lec tor  
I n s t a l l e d  i n  Tank 
I 
(a) Time = -0.50 seconds (Before Drop; 
(b) Time = +O. 1 2  seconds (Af te r  Drop) 
(c) Time = +0.55 seconds 
FIG. 15. E f fec t  of AS-203 Baff le  and Def l ec to r  Conf igu ra t ion  
on  Liquid B e h a v i o r  with N o m i n a l  L iqu id  Level Below 
the Baffle P o s i t i o n ,  Froude N u m b e r  = 0 . 5  
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N o  Baf f l e s  
B a f f l e  and Def lec tor  
I n s t a l l e d  i n  Tank 
Time = +1.10 seconds 
Time = +1.81 seconds 
Time = +3.23  seconds 
FIG. 15. Effect of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level Below 
the Baffle Posit ion,  Froude Number = 0 . 5  (Concluded) 
3 7  
No Baffles 
h 
Time  = -0 .26  s e c o n d s  (Before Drop) 
T i m e  = +0.30 s e c o n d s  (After Drop) 
T i m e  P +0.51 seconds 
Baffle and Deflector 
Installed i n  Tank 
FIG. 16. Effect of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level 
Relow the Baffle Position, Froude Number = 1 . 3  
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No Baffles 
(d) Time = +1.12 seconds 
(e) Time = +1.39 seconds 
Baffle and Deflector 
Installed i n  Tank 
--- 
( f )  Time = +2.13 seconds 
FIG. 16. Effect of AS-203 Baffle and Deflector Configuration 
on Liquid Behavior with Nominal Liquid Level 
Below the Baffle Position, Froude Number = 1 . 3  
(Concluded) 
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FIG. 17 Effect  of a n  Anti-Slosh Baffle on 
Liquid Amplitude History in a Cylindrical Tank 
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be tween  the  tank wal l  and  thc  baff le  s u r f a c e  a n d / o r  the  def lec ted  l iquid 
co lumn.  
in s ign i f i can t  in r e l a t i o n  to  the  to ta l  contained niass. 
In e i t h e r  c a s e ,  the quant i ty  of liquid above  the  baff le  w a s  
C o m p a r i s o n  wi th  AS-203 Fl ight  R e s u l t s  - On the  b a s i s  of the  p r e c e d i n g  
o b s e r v a t i o n s ,  i t  w a s  concluded tha t  t h e r e  should not  be a s igni f icant  
l iqu id  hydrogen  con t ro l  p r o b l e m  a t  o r b i t a l  i n se r t ion  o f  the  AS-203 
veh ic l e  if the  l iquid l e v e l  w a s  within the  expected r a n g e  with r e s p e c t  
to  the baff le .  T h e  r e s u l t s  of the AS-203 flight,  which o c c u r r e d  o n  
J u l y  5 ,  1966, subs t an t i a t ed  th i s  conclus ion .  T h e  LII, s losh ing  a m p l i -  
tude  and  f r e q u e n c y  m e a s u r e d  du r ing  powered f l igh t  of the  S-IVB s t a g e  
ind ica ted  a m a x i m u m  p o s s i b l e  F r o u d e  number  a t  o r b i t a l  i n s e r t i o n  of 
a b o u t  2 . 3 .  
T h e  m a j o r  l iquid f low p a t t e r n  following o r b i t a l  i n s e r t i o n ,  as  
o b s e r v e d  by t e l e v i s i o n ,  a p p e a r e d  to be  a movemen t  of the e n t i r e  l iquid 
s u r f a c e  a c r o s s  the  tank .  
thc f ie ld  of v i ew and  fol low a t r a j e c t o r y  that c a r r i e d  it d iagonal ly  
a c r o s s  the  tank and  toward  the  f o r w a r d  dome.  P o r t i o n s  of the co lumn 
cont inued  f o r w a r d  through the  cei i ter  opening of the  def lec tor  a n d  then  
b r o k e  in to  smaller f r a g m e n t s  t ha t  g radual ly  fe l l  back  a n d  r e - c o l l e c t e d  
wi th  the  hulk of the l iquid in the bo t tom of the tank .  
o b s e r v e d  l iqu id  mot ion  w a s  v e r y  s i m i l a r  to the  mot ion  o b s e r v e d  in the  
m o d e l  t e s t s  unde r  a p p r o x i m a t e l y  s i m i l a r  ene rgy  condi t ions  (see F i g u r e  
16) .  A n i o r e  de t a i l ed  d e s c r i p t i o n  of the AS-203 f l ight  r e s u l t s  is  availa- 
ble in  R e f e r e n c e  10 .  
A column of liquid was then  o b s e r v e d  to  e n t e r  
In g e n e r a l ,  the  
Shif ts  i n  Liquid C e n t e r  of Grav i ty  
T h e  m a x i m u m  shi f t  in  the l iquid center  of g r a v i t y  following a 
r educ t ion  in a c c e l e r a t i o n  w a s  d e t e r m i n e d  frorii t he  l iqu id-vapor  i n t e r -  
face p r o f i l e s  n i e a s u r e d  a t  the  t i m e  the liquid w a s  a t  i t s  m a x i m u m  
a m p l i t u d e .  
g r a v i t y  e n v i r o n m e n t ,  two d i s t inc t  i n t e r f ace  p r o f i l e s  became a p p a r e n t .  
O n c  p ro f i l e  r e p r e s e n t s  the  i n t e r f a c e  in a plane p a s s i n g  through the 
c e n t e r l i n e  of the con ta ine r  and  pe rpend icu la r  to t h c  d i r e c t i o n  of view.  
T h e  second  p r o f i l e  r e p r e s e n t s  the in t e r  sect ion of the l iqu id-vapor  
i n t e r f a c e  w i t h  the tank wal l .  
of t h e s e  p r o f i l e s  when the  l iquid i s  a t  maxirrium ai i ipl i tude and  the  
notat ion u s e d  in  the  evaluat ion of t he  r e s u l t s .  
I n  g e n e r a l ,  a s  the  l iquid ampl i tude  i n c r c a s e d  in  the  low 
F i g u r e  18 i l l u s t r a t e s  t he  typ ica l  g e o m e t r y  
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Nominal 
Liquid 
Le ve 1 
II) 
F I G .  18. Nomenclature fo  Eva1 ti 
Section A A  
n o f  Liquid Center of Gravit: 
To prcsent  the resu l t s  i n  general  fo rm,  only those tes ts  were  evalu- 
ated in which the liquid remained totally on thc cylindrical surface of the 
tank. 
mined only for the liquid volume above the niinimum point on the low 
gravity interface,  Zmin, when the liquid was a t  its peak amplitude. 
volume in question i s  the volume bounded by the liyuid-vapor interface,  
the tank w-al l ,  and the xy plane. 
coordinates independent of the liquid depth and the geometry of the bottom 
of the container.  
can be easily combined with the center of gravity of the liquid below the 
xy plane to obtain the center of gravity of the ent i re  liquid column for 
any  particular nominal liquid depth. 
accurate  for  mos t  engineering purposes so long as  h / R  > 1 . 0 .  
dimensionless distance,  ZIllin/R, of the niinimum point on the interface 
below the nominal liquid level  i s  shown a s  a function of Froude number 
by Figure 19. As  would be expected, Zmin/R, increases  with increas-  
ing Froude number. 
I n  addition, the coordinates of the center of gravity were de te r -  
T h e  
This procedure was used to make the 
The center of gravity of the liquid above the xy plane 
The r e su l t s  should be sufficiently 
The 
The center of gravity of the liquid m a s s  above the xy plane was 
deterimincd by nuiiierical integration using the following procedure: 
L e t  Z,(x) represent  the equation of the uppcr curve and Z,(x) r ep resen t  
the equation of the lower curve whcre .Z1 (x) and ZZ (x) were determined 
from a l ea s t  squarcs  polynomial curve‘ f i t  of the measured coordinates 
of the t w o  curvcs .  The shape of the i n t r . r f a c c  on any c r o s s  section, xn, 
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FIG.  19. Maximum Depth of Liquid-Vapor Interface Below Nominal 
Liquid Level When Liquid is a t  Peak Amplitude 
taken para l le l  to the direction of view (Section AA of Figure 18)  was 
assumed to  be symmetr ica l  and was approximated by a c i rcu lar  a r c  
where the contact angle boundary condition a t  the wall was neglected. 
The liquid volume and the moments  with r e spec t  to the xy and yz planes 
were  calculated for each increment  and summed to give the total volume 
and moments .  
enced f r o m  the point defined by the intersection of the tank centerline 
with the xy plane a r e ,  
Finally, the coordinates of the center of gravity r e fe r -  
A detailed description of the formulation used for evaluating the data is 
given in the Appendix. 
F igure  20 shows the coordinates of the center of gravity of the 
liquid mass above the xy plane. 
position, E /R ,  is relatively insensitive to Froude number within the 
range of conditions obtained in these particular tes t s .  
coordinate va r i e s  f r o m  aboutY/R = 0.39 a t  a Froude number of 0.03 to 
F / R  = 0.44  at a Froude number of 10. 
with increasing Froude number f rom a value of T/R = 0 .  13 at a Froude 
number of 0 .03  to Y/R = 0 . 2 7  at a Froude number of 10. 
It is seen that the radial  shift in c . g .  
The radial  
The axial  coordinate increases  
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FIG. 21. Ratio of Liquid Mass  Above Z,in to the 
Theoret ical  Sloshing M a s s  
Figure 21  shows the ra t io  of the calculated liquid m a s s  above the 
xy plane to the theoretical  sloshing mass  a s  a function of Froude number,  
where the theoretical  sloshing m a s s  is determined f r o m  equation (4). 
The ra t io  inc reases  f r o m  about 0 .45  at a Froude number of 0 . 0 3  to about 
0.56 a t  a Froude number of 10, based on a bes t  f i t  curve through thedata .  
Although the re  is some scat ter  of the resul ts ,  the t rend i s  obvious, and 
the sca t te r  i s  not par t icular ly  bad, considering some of the necessa ry  
assumptions used in  the analysis.  
Time to Reach Maximum Amplitude 
The t ime required for the liquid to first attain i t s  maximum ampli-  
tude i s  of in te res t  with r e spec t  to both the attitude control sys t em and 
the vent sys t em design. This t ime was determined f r o m  the amplitude 
ve r sus  t ime his tor ies  of the various tes ts  and i s  expressed  in the f o r m  
of the Froude number based on the average velocity of the liquid between 
the t ime of r e l ease  and the t ime at which the liquid reached its maximum 
amplitude, that  i s ,  
where t is the t ime in question. Figure 22 shows the Froude number 
based on the measured  average  velocity (equation (22)) plotted a s  a 
function of the Froude number,  based on the measu red  velocity a t  
r e l ease .  All values that a r e  shown on both the ordinate and absc issa  
of Figure 22, except the elapsed t ime,  a r e  known or can be estimated 
for the par t icular  problem of interest .  
For  comparat ive purposes,  the theoretical r e su l t  for uniform 
l inear  motion i s  a l so  shown on the figure. 
the ave rage  velocity over an interval of t ime i s  simply, 
For  uniform l inear  motion, 
Vf t V i  va = 
2 
that i s ,  when the final velocity i s  ze ro ,  the average  velocity over the 
elapsed t ime interval is one-half of the init ial  velocity. Substituting 
V i / 2  into equation (22) and dividing the r e su l t  by the Froude number,  
based on init ial  velocity, will show that, 
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FIG. 22. Elapsed Time After Drop Unt i l  
Liquid Reaches Maximum Amplitude 
F r o m  Figure 22 it is seen that a t  Froude numbers  grea te r  than one the 
measured data generally ag ree  ciasely with the theory for uniform 
linear motion. At Froude numbers  l e s s  than one, the relatively few 
data points available indicate that the time €or the liquid to reach  its 
maximum amplitude is shorter  than the time corresponding to uniform 
linear motion. 
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Damping of Liquid Oscillations 
The t e s t  conditions used permitted no m o r e  than one complete cycle 
of motion under the low gravity environment to be observed. However, 
there  were  severa l  t e s t s  in which two peak amplitudes occurred  on one 
side of the container. F r o m  these selected t e s t s  it was possible to 
obtain an  indication of the damping charac te r i s t ics  by observing the 
decreasing amplitude of the liquid oscillation. The t e s t  conditions 
include initial amplitudes of 0.6R to 1.06R, Bond numbers  f r o m  57 to 
95, and a near ly  constant damping parameter  of 5 x 
applicable t e s t  the peak liquid amplitude measu red  a t  half-cycle intervals  
provided three  data points for establishing the logarithmic decrement  
(equation (10)).  
For  each 
The experimental  decrements  and values calculated f r o m  the empir i -  
ca l  equations of Stephens (equation (16)) and Salzman (equation (15)) a re  
shown in Figure 2 3 .  In each case,  the damping parameter  has been com- 
puted using the natural  frequency determined f r o m  equation (6).  Since 
Stephens equation i s  valid only for large Bond numbers ,  and Salzman's  
equation i s  valid only for ze ro  or  near ze ro  Bond numbers ,  the logarith- 
m i c  decrement  for smal l  amplitude oscillations and Bond numbers  within 
the range  of these t e s t s  should l ie somewhere between the two. As shown, 
the measured  damping is  considerably grea te r  than even Salzman's c o r r e -  
lation would predict .  
The significantly higher logarithmic decrements  a r e  apparently a 
function of the ve ry  la rge  sloshing amplitudes. 
ment  i s  shown plotted as  a function of the initial low gravity sloshing 
amplitude rat io  in Figure 24. The figure clear ly  i l lus t ra tes  that the 
damping decrement  increases  with increasing amplitude when the slosh- 
ing amplitude i s  large.  
lated to the lower amplitudes for which mos t  available correlat ions a re  
applicable, yields values corresponding approximately to those com- 
puted f r o m  Salzman's equation. 
The logarithmic decre-  
The best  f i t  line through the data,  when extrapo- 
F r o m  the l imited resu l t s  of this study, it was not possible to estab- 
l i sh  an empir ica l  relationship for the effect of Bond number on damping. 
It was shown, however, that  if a sudden reduction i n  accelerat ion pro-  
duces l a r g e  amplitude sloshing, the initial damping will be quite high. 
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Per iod  of Oscillation 
The period of oscillation of the liquid column under reduced gravity 
conditions was evaluated f r o m  the amplitude-time t r a c e s  of the var ious 
t e s t s  by measuring,  along any suitable horizontal  ax i s ,  the t ime re-  
quired to complete one full  cycle of motion. 
typical amplitude-time t r a c e s  to i l lustrate  the method used to de te r -  
mine  the wave period. Whenever possible, the wave period was mea- 
su red  along the z e r o  axis (quiescent flat liquid sur face)  a s  shown by 
Figure  25a. In some cases  a complete cycle could not be measured  
along the  zero  ax is .  
F igure  25 shows three  
However, in most t e s t s  it was possible to choose 
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some other axis along which a full cycle could be measured .  Figure 
25b i l lustrates  a case  in which the t l .  0 axis was used for re ference .  
No attempts were made  to measu re  wave periods f r o m  the t e s t s  in 
which no suitable axis  could be established. 
is  shown in Figure 25c. 
An example of such a case  
The measured  wave periods a s  a function of Bond number a r e  shown 
in Figure 26. Also shown is the theoretical  wave period a s  determined 
f r o m  the Satterlee-Reynolds equation (6) for h/R = 0 . 9  and a kinematic 
surface tension of 8 .23  x 1 0 - 4 f t 3 / s e ~ 2 ,  which is the median value of s u r -  
face tension based upon the fluid tempera tures  measured  during the 
various tes ts .  
retical  wave periods i s  given by Figure 27, which shows the r a t io  of 
the measured period to the theoretical  period plotted a s  a function of 
Bond number.  In this ca se ,  the theoretical  period was computed f r o m  
the actual filling height and kinematic surface tension for each  tes t .  
With two exceptions, the measured  periods a r e  within 8 percent  of the 
theoretical  period, and the maximum deviation f r o m  the theoretical  
period i s  only 12 percent .  
uniformly about the theoretical  value at a l l  Bond numbers  tes ted.  That 
is ,  there is no obvious tendency for the measured  wave period to deviate 
significantly f r o m  the Satterlee-Reynolds equation a t  e i ther  low or  high 
Bond number s. 
f r o m  the f i r s t  complete cycle of motion under the reduced gravity 
environment and these measured  data ag ree  so  closely with the theoreti-  
ca l  period, i t  is concluded that,  for all pract ical  purposes ,  the liquid 
column shifts frequency instantaneously with changes in apparent  gravita- 
tional field. 
A m o r e  accura te  comparison of the measured  and theo- 
Fur the rmore ,  the data appear  to sca t te r  
Since the experimental  wave period s were  measured  
CON C L US IONS 
The resu l t s  of this study indicate that, for Froude numbers  f r o m  
about 0.  03 to 14 in combination wi-th Bond numbers  f r o m  24 to 100, the 
maximum amplitude of a fundamental mode an t i symmetr ic  s losh wave 
following a sudden reduction in accelerat ion i s  uniquely dependent on 
the Froude number and increases  with increasing Froude number accord-  
ing to the expression 
[ 0 .018  l n ( F r )  t 0 .  1771 
AC, /R = 0 . 9 9  (Fr) 
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The energy conditions predicted to exist  in  the S-IVB-203 LH, tank 
at orbi ta l  inser t ion without the baffle and deflector in  the tank (Froude 
number = 19. 3)  were  sufficient to produce amplification of the s losh 
wave to the top of the model tank forward dome for at l ea s t  two succes-  
sive cycles of motion in the low gravity environment. 
Froude numbers  studied, the corresponding amplitudes in unbaffled tanks 
were  generally such that the use  of auxiliary devices for reducing the 
propellant motions should be considered in pract ical  applications. 
Over the range of 
A single ring baffle with a width-to-tank radius ra t io  of 0. 16, posi- 
tioned either at or  slightly above the nominal liquid surface,  was highly 
effective in reducing s losh  wave amplification and damping the low gravity 
liquid motion. Although baffles a r e  not normally required in upper stage 
vehicles for purposes  of guidance and control during powered f l igh t ,  they 
have definite merit for low gravity propellant control. 
The general  nature  of the liquid behavior in model tes t s  using an  
S-IVB-203 baffle and deflector configuration was very  similar to that 
observed i n  the LH, tank of the AS-203 vehicle immediately following 
orbi ta l  insertion. 
In an unbaffled tank, the maximum center of gravity shift, which 
occurred  when the liquid was a t  i ts  peak amplitude, increased in both 
the radial  and axial directions with increasing Froude number.  For  
liquid depths, h/R 2 1 .0 ,  the radial  coordinate of the center of gravity 
of the liquid mass above the lowest point on the liquid-vapor interface 
is  determined f r o m  the expression,  x / R  = 0.0065 In (F,) t 0.425. The 
axial  coordinate is given by T/R = 0.025 I n ( F r )  t 0 . 2 2  where the point 
of re ference  of and is defined by Figure 18. 
- 
The t ime required for the liquid to a t ta in  its maximum amplitude 
was found to be dependent on the Froude number.  
g rea te r  than 1 . 0  the measured  t ime agreed well with the t ime c o r r e -  
sponding to uniform l inear  motion. 
At  Froude numbers  
When l a rge  amplitude sloshing occurs  in a low gravity environment, 
The logarithmic decrement  exhibits a n  
the initial natural  damping is  considerably higher than predicted by 
available damping correlations.  
apparent  amplitude dependence, increasing with increasing amplitude. 
For  all pract ical  purposes,  the frequency of oscillation of the liquid 
column shifts instantaneously with changes in the applied acceleration. 
The measured  wave period of the f i r s t  cycle of motion following a reduc-  
tion in accelerat ion ag rees  with the Satterlee-Reynolds equation within 
* 8 percent  at all Bond numbers within the range 24 to 100. 
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A P P E N D I X  
DESCRIPTION OF EQUATIONS FOR CALCULATING 
LIQUID CENTER O F  GRAVITY 
The iiiaviinum shift in the liquid center of gravity following a reduc- 
tion i n  acceleration has  been determined from the liquid-vapor interface 
profiles measured  at  thc time the liquid was a t  i t s  maximum amplitude. 
In general ,  a s  the liquid amplitude increased in the low gravity environ- 
ment,  two distinct interface profiles became apparent.  One profile is 
that which represents  the interface in a plane passing through the center-  
l ine of the container and perpendicular to  the direction of view. The 
second profile is  that which represents  the intersection of the liquid- 
vapor interface with the tank wall a s  the liquid r i s e s  and spreads  
around the wall into and away f rom the line of sight due to surface ten- 
sion. 
maximum amplitude and indicates the notation used in the evaluation of 
the resu l t s .  
resu l t s .  
F igure  18 i l lustrates  the typical geoinetry of these profiles a t  
The following procedure was used to evaluate the tes t  
Le t  Z ,  (x) represent  the equation of the upper curve and Z 2  (x) 
r ep resen t  the equation of the lower curve,  where Z I  (x) and Z Z  (x) were 
determined f rom a leas t  squares  polynomial curve fit of the measured 
coordinates of the two curves.  The shape of the interface on any c r o s s  
section, xn, taken parallel  to the direction of view was assumed to be 
syniinetrical  and was approximated by a c i rcular  a r c  where the contact 
angle boundary condition at the wall was neglected. The depth, H, of 
the c i rcu lar  section was evaluated a s ,  
H = Z (xn)- Z ,  (xn) 
and the senii-chord length of the circular a r c  i s  
The radius ,  r ,  of the circular section is ,  
r =(H2 -t I J2 ) /2H (A3) 
5 5  
T h e  voluine of the crosshatched a r e a  of thickness, Ax, shown in 
Section AA of Figure 18 is ,  
a n d  the volume of the rectangular section between %min and Z 2  (xn) is  
s iiiipl y 
The total liquid volume above the xy plane 
Sumniing the nioments of the A Z  elements f rom ZZ to 
contribution of the c r o s s  hatched volume of the section a t  xn to the 
total nionient with respect  to the xy plane. 
provides the 
The moment of the rectangular volume with respec t  to the xy plane i s ,  
The moment of the ent i re  liquid section a t  xn with respec t  to the xy plane 
is ,  
T h e  moment of the section with respec t  to the yz  plane is, 
The total  moment  with r e spec t  to the xy plane becomes,  
and the total  moment with r e s p e c t  to the yz plane i s ,  
Finally,  the coordinates of the center of gravity re ferenced  f r o m  the 
point defined by the intersect ion of the tank center l ine with the xy plane 
a r e ,  
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